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ABSTRACT * * *
We study the diffraction and decay of a detonation wave which occurs when the deto-
nation propagates past an increase in cross-sectional area in a rectangular detonation
tube. The computations solve the time-dependent two-dimensional Euler equations us-
ing an operator split Flux-Corrected Transport algorithm in an Ar diluted stoichiometric
H 2 /0 2 mixture. Previous studies have shown that the initial effect is the decoupling of 0 0
the reaction front from the shock and the formation of a decaying blast wave or bubble
in the larger tube. The detonation may then continue to decay, or be reignited by reflec-
tion of the bubble off confining surfaces. In this paper we focus on reignition by shock
reflection. For a strongly overdriven initiating detonation we find that reignition occurs
via an interaction between the reflected bubble shock and the original contact surface, 0 0
while for more weakly driven systems reignition occurs either in the slip line and stem
of the Mach reflection formed when the bubble shock reflects off the bottom surface of
the tube, or by multiple shock interactions which occur at the top surface of the tube
when the shocks formed by the reflected bubble overtake the initial detonation front.
The computations were performed on a Cray Y-MP/216 using a fully vectorized code, 0 0
and have sufficient resolution to resolve the cellular structure of the steady detonation
front.

INTRODUCTION
The reignition of detonation in gas phase media by shock reflection off confining *

surfaces or by obstacles placed in the path of the detonation is of current interest in
detonation physics. Teodorczyk et al. (1989) recently described experiments which
studied the propagation of quasi-detonations. The experiments studied detonation over
an obstacle and the diffraction of detonation from a corner, and the importance of
shock reflections from the wall in the overall reignition process was noted. The experi- *
ments also clearly showed that if the Mach stem formed on shock reflection was strong
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cnough then the detonation would be rcignited. It appears that certain basic typcs of
interactions involving Mach reflections or interactions between shock waves and contact
surfaces or deflagration fronts are involved in the reignition of or propagation of det-
onations past obstacles. Simulations showing the details of some of these interactions
are the subject of the present paper. • 0

Liu et al. (1987, 1988) recently reported experiments on the transfer of detonation
between gaseous explosive layers. They used a specially constructed detonation shock
tube consisting of two adjacent 1.6 cm square detonation tubes three metres long ending
in a test section 15 cm long which allowed the detonation ignited in one tube to diffract
into the explosive mixture in the second tube. Laser schlieren photography was used 0 •
to visualize the transmitted shock and detonation structures and a variety of different
interaction modes were found. As the detonation reached the end of the dividing wall
between the two tubes and began to expand into the test section the initial interaction
consisted of the decoupling of the reaction front from the shock front and the formation
of a decaying shock or bubble in the test section. The subsequent behaviour of the 0 0
interaction then depended on the nature of the explosives in the two tubes. If the same
explosive filled both tubes then, depending on the energetics of the particular explosive,
the detonation could be reignited either directly, before the bubble reached any of the
confining walls, or indirectly by reflection of the bubble off the lower wall of the tube.
In the latter case detonation always appeared to occur in the region just behind the 0 0 0
Mach stem formed when the curved bubble shock reflected off the lower wall of the tube
and underwent a transition from regular to Mach reflection.

Over the List few years we have performed an extensive series of numerical simu-
lations of the experiments of Liu et al. and have reproduced many of the interaction
modes seen experimentally (Jones et al. 1990, 1991; Oran et al. 1992a, 1992b). In par- 0

ticular, with the same weak explosive mixture in both tubes we observed the reignition
of detonation behind the Mach stem seen experimentally. These calculations had lim-
ited resolution however and the exact mechanism by which the detonation was reignited
was not clearly defined. The computations were initiated using either a steady state
detonation which was computed in a one-dimensional code and then introduced onto 0 0

the two-dimensional grid, or by depositing an excess amount of energy into several cells
of the grid, and in some cases it was found that the method of initiation influenced the
final steady-state interaction pattern obtained.

To clarify these points we have performed a series of computations using a more
highly resolved grid and a more controlled method of initiating the computation. Each
of the runs is initiated using a detonation computed in a one-dimensional code, but
the variable profiles are output at selected times well before the detonation has reached
its final steady-state velocity. By this means we are able to initiate the computation
using detonation profiles with specified degrees of overdrive and hence examine the effect
which the strength of the initiating detonation has on both the mechanism of reignition
and the final steady-state interaction pattern.

When the initiating detonation is strongly overdriven we find that detonation is
reignited in the test section by the mechanism which we have previously referred to
as ignition behind the Mach stem. However these more detailed calculations reveal
a far more complicated mechanism. Ignition first appears at a point formed by the

2
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*
intersection of the reflected shock front and the original contact surface. This leads to
the formation of a new shock front, and the reflection of this shock front off the lower
wall of the tube gives the impression, if a low resolution grid has been used, that the
ignition has occurred as the reflected bubble shock has evolved into a Mach reflection.

When a weaker detonation is used to initiate the calculation ignition no longer 0 0
occurs at the intersection of the reflected bubble shock and the contact surface and
the regular reflection formed on the lower surface of the test section can be observed
to evolve into a Mach reflection. The reflected bubble shock then continues to move
upward and is reflected again off the upper surface of the tube. This reflected shock
has a higher velocity than the original decaying detonation front and eventually the two 0
shocks collide, and it is at this point that the detonation is finally reignited. In this
paper we describe these interaction mechanisms in detail, and also discuss the stability
and cellular structure of the detonation front formed when the detonation is reignited
by the collision mechanism which occurs on the upper surface of the detonation tube.

NUMERICAL MODEL

The simulations are based on solutions of the time-dependent Euler equations us-
ing the Flux-Corrected Transport (FCT) technique (Oran and Boris, 1987), an explicit,
nonlinear finite difference technique for solving generalized continuity equations. The
chemical reactions which convert gaseous reactants into detonation products were ap- 0 * 0
proximated using a two-step induction parameter model originally described by Oran
et al. (1981) and developed further by Kailasanath et al. (1985) and Guirgius et al.
(1986). The gaseous explosive consisted of a stoichiometric mixture of H2 and O di-
luted with Ar, the exact ratios being 2:1:7 respectively. The experimental test section
was modelled using a two-dimensional rectangular Cartesian grid. Operator splitting 0 •
was used in both x and y directions and the end of the splitter plate dividing the two
detonation tubes was modelled by splitting the y pass into two integration loops and
applying solid wall boundary conditions at the end of each loop. The grid spacing was
uniform with 6z = 6y = 0.04cm (or 0.02cm for the more finely resolved calculations),
and the time step was limited to 1/4 of the value given by the Courant condition, giving 0 0
an average time step of 5.0 xl0-8 s (for more finely resolved calculations a time step of
2.0 x 10"s was used). The calculations were initiated by reading in a detonation profile
from a one-dimensional version of the code.

SIMULATION RESULTS

Figure 1 shows a sequence of pressure and temperature contours for a calculation
using a computational cell size of 6z = 6 y = 0.04 cm and for which the initiating
detonation was 2-4% overdriven. The degree of overdrive here is specified by the velocity
of the one-dimensional detonation which is introduced onto the grid to initiate the two-
dimensional detonation. In this case the detonation was travelling with a velocity 24% •
higher than the final steady state velocity it would have in the limit of zero overdrive.

Between t=401ss and 55/ss we see that the bubble shock has formed a regular
reflection on the lower wall of the tube and at t=60,is this has just transitted to a Mach
reflection. The pressure contours also show some disturbance to the reflected shock
front and the formation of a new shock which collides with the recently formed Mach • 0
stem at t=653us and results in the formation of a strongly coupled reactive shock wave

3
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Figure 1: Pressure and temperature contours in the simulated test section for a strongly

overdriven initiating detonation.

which ulltimately leads to the formation of a steady detonation wave spanning the width
of the test section. 0

The temperature contours at t=50I•s show that this disturbance is caused by an
interaction betwecn the reflected shock front and the original contact surface. The tem-
perature contour at t=55/.Ls shows that the contact surface has been distorted, and that
a strong reaction is occurring along that section of the contact surface which has been
realigned along the direction of the reflected bubble shock. By L=60/As the distortion of

4!
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Figure 2: Simulated temperature contours in the vicinity of the ignition point for a 0 •
strongly overdriven initiating detonation.

the contact surface has increased and the exothermic reaction has progressed further,
and at t=65jus the reaction and associated shock front have collided with the Mach
stem. 0 9

Figure 2 shows a sequence of temperature contours for a computation with a similar
degree of overdrive (32%) but using a computational cell size with 5z = by = 0.02 cm.
These more detailed contours clearly show the main features of this mode of detonation
reignition. The contour at t=381As shows that the contact surface is unstable, and the
contours at t=40js and 42js show that these instabilities are growing rapidly. The 0 0
contour at t=44jus shows that the reaction front along the contact surface appears to
be increasing in intensity as the reaction is constrained by the lower wall of the test
section on one side and the reflected bubble shock on the other, and the collision of
this accelerating front with the newly formed Mach stem ensures that the combined
structure rapidly transits to detonation. 0 0

As the strength of the initiating detonation is reduced a point is reached at which
the interaction between the contact surface and the reflected shock no longer results

5
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Figure 3a: Simulated temperature contours in the test section for a weakly overdriven
initiating detonation.

in rapid exothermic reaction and the development of the Mach stem becomes the main
feature of the flow. Figure 3 shows a sequence of pressure and temperature contours
where the initiating detonation is only 1.5% overdriven, and a grid with 6z = 6 y = 0.02 * * *
cm has been used. The temperature contours in Figure 3a between t=42,"s and t=60/•s
show the reflection of the bubble shock off the lower wall and the interaction of the
reflected bubble shock with the strong vortex formed at the lip of the splitter plate. At
t=42As and 4 8 gs the reflected shock is experiencing regular reflection, while at t=54gs
this has transitted to a Mach reflection. By t=60us the Mach stem has grown, and •
there is evidence of reaction occurring along the slip line. Notice also in Figure 3a that
there is no evidence of any exothermic reaction at the point where the reflected bubble
shock intersects the contact surface, and there is no growth of the instabilities along the
contact surface.

Figure 3b shows an enlarged view of the Mach stem region at times t=60As and
t=T8ps. At C=60,us the temperature contours show considerable heating and reaction
along the slip line and at the Mach stem, but the temperature contours at t=78;Is
show that this heating has been insufiicient to lead to reignition of the detonation. The
distance between the leading reaction front and the Mach stem has increased, and the
reaction along the slip line and reaction front behind the Mach stem have failed to form
the imploding detonation formation seen in the calculations of Oran et al. (1992b).
This is probably due to the severe dilution of the stoichiometric H2/0 2 mixture studied
here, but may also be due to the inability of these calculations to resolve the vortex roll
up along the wall.

The pressure and temperature contours in Figure 3b at t= 7 8gs also show that the
reflected bubble shock has just reflected off the upper wall of the test section. This is
a regular reflection, and occurs behind the contact surface of the initiating detonation.
The sequence of pressure contours in Figure 4a however show that as time progresses
the reflection passes through the contact surface, undergoes a transition to a Mach
reflection, and then the Mach stem catches up and collides with the leading shock
front at t=108,&s. Reaction variable contours (not shown, here) over this same time

6
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Figure 3b: Simulated pressure and temperature contours in the vicinity of the Mach 0
stem for the detonation shown in Figure 3a.

frame show that there is no evidence of reaction occuring at the upper surface until
the Mach stem of the reflected bubble shock is coincident with the weakened leading
shock from the initiating detonation. At t=108Mis a strong exothermic reaction starts 0 0
and remains coupled to the leading shock front for the next 2 4 /1s. This is the point
at which the detonation is finally reignited, and its formation is clearly evident in the
pressure contours between t=114As and t=126jss.

The subsequent behaviour of this reignited detonation is also of considerable in-
terest. Figure 4b shows a sequence of reaction variable contours between t=132/As and 0 0
t=174,ss. At t=132/ps a comparison between the reaction front and the shock front
(visible in the pressure contours, which are unable to be included here) shows that the
two fronts are still closely coupled, but at t=138its an instability has formed and com-
pletely disrupted the detonation front. This is even more clearly seen at t=144As. At
t=150us however the newly formed, but highly unstable, detonation front has reflected 0 0
off the bottom surface of the tube and appears to have stabilised. The contours between
t=lI5OAs and t=IT4us show the development of a stable detonation moving upward and
into the tube, and by t= 2 04tLs (not shown) a stable detonation spanning the full width
of the tube has finally been established. We have tracked this detonation for a further
• Ot0s and the detonation continues to travel at a steady velocity, with no further sign of • e
instability.

The nature of the detonation front in this steady-state region is also of interest.

T
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Figum 4a: Pressure contours for the Figure 4b: Reaction varaIle contours

detonation in Figure 3 at later times for the detonation in Figure 3 at later

showing reignition of detonation from times showing the instability of the

shock interactions at the top of the test detonation front.

secion.

Figure 5 shows pressure, temperature, density and reaction variable contours of the det-

onation front at t= 2 2 2Ms. These clearly show the cellular structure of the detonation
front, which is formed by the presence of lateral shock waves moving backwards and
forwards across the shock front. The points at which these transverse waves collide 0

form a sequence of Mvach stems, and it is at the triple points associated with these

Mach stems that the reaction is continuously reignited, and hence the detonation sus-
tained. As the triple points move along the tube they trace out a diamond like cellular
structure which has been observed experimentally, and which can be highly regular,

or irregular, depending on the nature of the explosive composition. For the highly Ar 0 6

8
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Figure 5: Pressure, temperature, density and reaction variable contours for the deto-
nation in Figure 3 at t=222ps.

diluted stoichiometric H 2/0 2 mixture considered here, and at the initial pressure used •
in the simulation (one atmosphere), we would expect the structure to be irregular, and
examination of the contours over successive time steps shows that this is the case. From
Strehlow (1984) we can estimate that the detonation cells should have a width of ap-
proximately 0.1 cm, while our calculations indicate a size of approximately 0.45 cm.
Considering the simplified chemistry model we are using in these calculations, this is
quite good agreement.

DISCUSSION

The calculations presented here demonstrate several different interaction mecha-
nisms by which a decaying detonation can be reignited. Which of these will be seen in
any given situation will depend in part on the energetics of the explosive studied, and the 0 0
strength of the initiating shock or detonation. If a slightly more energetic mixture had
been used for these simulations, it is likely that detonation would have been reignited
behind the first Mach stem formed 6n reflection of the blast wave off the bottom of the
tube. This mechanism has been studied by Oran et al. (1992b) using a stoichiometric
H2/0 2 mixture and finer grid resolution, and the simulations clearly showed that the •
highest temperatures c-.curred from heating along the slip line and at the wall where
the vortex rolled up. 'I ne temperature contours in Figure 3 also show heating along the
slipline, but have insufficient resolution to resolve the vortex roll up. With more ener-
getic mixtures and a more strongly overdriven initiating detonation, it would then be
possible for reignition to occur either via the shock/contact surface interaction or along 0 e
the sliplin- of the Mach reflection. Further simulations would be required to determine

9
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which of these would be most relevant to experimental systems of interest.

ACKNOWLEDGEMENTS

The computations were performed on a Cray Y-MP/216 with funding provided by
the Materials Research Laboratories. This work was sponsored in part by the Office
of Naval Research through the Naval Research Laboratory and in part by US Army
Research Office under grant number DAALO3-87-0019.

REFERENCES

GUIRGUIS, R., ORAN, E.S. and KAILASANATH, K. (1986) "Numerical Simulations
of the Cellular Structure of Detonations in Liquid Nitromethane - Regularity of the Cell
Structure", Combustion and Flame, 65, pp. 339-366.

JONES, D.A., SICHEL, M., GUIRGUIS, R., and ORAN, E.S. (1991) "Numerical Simu-
lation of Layered Detonations", Progress in Astronautics and Aeronautics, 133, 202-219. 0 0

JONES, D.A., SICHEL, M., ORAN, E.S. and GUIRGUIS, R. (1990) "Detonation Trans-
mission in Layered Explosives", In Proceedings of the 23rd Symposium (International)
on Combustion, pp. 1805-1811, The Combustion Institute, Pittsburgh, PA.
KAILASANATH, K., ORAN, E.S. and BORIS, J.P. (1985) "Determination of Deto- * 0 *
nation Cell Size and the Role of Transverse Waves in Two-Dimensional Detonations",
Combustion and Flame, 61, 199-209.

LIU, J.C., SICHEL, M. and KAUFFMAN, C.W. (1988) "Lateral Interaction of Det-
onating and Detonable Gaseous Mixtures", Progress in Astronautics and Aeronautics,
114, 264-283. •

LIU, J.C., LIOU, J.J., SICHEL, M., KAUFFMAN, C.W. and NICHOLLS, J.A. (1987)
"Diffraction and transmission of a detonation into a bounding explosive layer", In Pro-
ceedings of the 21st Symposium (International) on Combustion, pp. 1659-1668, The
Combustion Institute, Pittsburgh, PA. 0
ORAN, E.S. and BORIS, J.P. (1987) Numerical Simulation of Reactive Flow, Elsevier,
New York.

ORAN, E.S., BORIS, J.P., YOUNG, T.R., and PICONE, T.M. (1981) "Numerical sim-
ulations of detonations in hydrogen-air and methane-air mixtures", In Proceedings of the
Eighteenth Symposium (International) on Combustion, pp. 1641-1649, The Combustion 41
Institute, Pittsburgh, PA.

ORAN, E.S., JONES, D.A. and SICHEL, D.A. (1992a) "Numerical simulations of det-
onation transmission", Proc. Roy. Soc. A, 436, 267-297.

ORAN, E.S., BORIS, J.P., JONES, D.A. and SICHEL, M. (1992b) "Ignition in a Com-
plex Mach Structure", to appear in Progress in Astronautics and Aeronautics, in press. •

STREHLOW, R.A., (1984) Combustion Fundamentals, p. 307. New York, McGraw
Hill.

TEODORCZYK, A., LEE, J.H.S., and KNYSTAUTAS, R., (1989) "Propagation Mech-
anism of Quasi-Detonations", Twenty Second Symposium (International) on Combus- *
tion, The Combustion Institute, Pittsburgh, PA, pp. 1723-1731.

to 0 • 0


